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Material and Methods
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Description of Arabidopsis Framework Model and Modifications
144
The Arabidopsis Framework Model (FM-v1.0, Figure S1 , Chew et al., 2014) (Wilczek et al., 2009; Chew et al., 2012) . Thermal time is modified by day length, to produce 
159
We maintained thermal time control over leaf tissue production in phase two, but modified the consistent with prior observations under constant temperatures (Blazquez et al., 2003; Lee et al., 173 2007 Lee et al., 173 , 2013 Posé et al., 2013) . SVP protein levels increased shortly after exposure to cool 174 temperatures (Kinmonth-Schultz et al. 2016) , as did the ratio of FLM-β to FLM-δ splice variants 175 (Posé et al., 2013) . FLM-β facilitates SVP binding, and SVP and FLM-β protein levels increase 176 with decreasing temperatures (Lee et al., 2013) . Both SVP and FLM-β are present at 23 C; a 177 transfer from 23 C to 27 C resulted in SVP decay that occurred within 12 h ( Lee et al., 2013) .
178
We used a single term to simulate the combined SVP and FLM-β behavior termed "SVP 179 activity". Consistent with the observed behavior of these proteins, we modeled SVP activity to 180 increase in response to a decrease in temperature, as shown below. Table S1 . To capture the suppression of FT at dusk, we set the SVP decay rate to be slightly 191 lower than its production. This caused SVP to remain higher at 22 C after a 12 C night than in
192
22˚C-constant conditions, even after several hours ( Figure S2c ). The decay rate (vSVP) is
193
proportional to the present SVP concentration.
In LD 22C /12C-night, FT levels are higher at dawn coinciding with higher CO mRNA and 196 protein in cool nights (Kinmonth-Schultz et al., 2016) . While SVP activity may respond to 197 absolute changes in temperature (Lee et al., 2007 (Lee et al., , 2013 Posé et al., 2013) , CO accumulation is 198 induced by rapid changes from warm to cool (Kinmonth-Schultz et al., 2016) . The degree of 199 temperature change is likely a factor, as a drop of 10 ˚C (22C /12C-night) yielded more CO 
209
Coefficient c describes the rate at which CO induction changes with dT. The influence of a 210 temperature change fades over several days if the temperature remains cool over that timeframe 211 ( Figure S3b ). To account for this, ddT is the time (days) since the change in temperature occurred.
212
KT is used to modify the CO mRNA (COm) amount produced (eq. [1.4]), as temperature seems 213 to influence CO through transcription (Kinmonth-Schultz et al., 2016) . COm is an input for the 214 CO protein (COp) equation as in Chew et al., 2014, as shown below (eq. [1.5] 
The SVP/FLM-β complex and CO may act competitively at the FT promoter (Bratzel & Turck, 221 2015), with CO overcoming suppression by SVP/FLM-β at night when its levels are high. The
222
Photoperiod module in FM-v1.0 (Chew et al., 2014) induce flowering (Corbesier et al., 2007; Krzymuski et al., 2015; Kinmonth-Schultz et al., 2016) .
288
To predict flowering, the model runs until a threshold level of FT is reached. This threshold is 289 determined by simulating whole-plant FT, at constant 22 ˚C in LDs, accumulated until a target 290 leaf number is reached. All other treatments are run to this threshold under the assumption that it 291 remains conserved under different growing temperatures.
292
In FM-v1.0, the development rate towards flowering, as influenced by FT amount and 293 photoperiod, is limited below and above two critical daylengths (10 and 14 h) using a different 294 parameter set for each photoperiod (Chew et al., 2014) .
Here, we removed this function and considered direct FT accumulation. Determining the 297 absolute amount of FT required to induce flowering and whether there are threshold levels of 298 transcription, below and above which flowering time is unaffected, will be a useful future study.
299
We maintained the vernalization component from FM-v1.0 to maintain model flexibility, as 300 vernalization should modify overall levels of FT (Helliwell et al., 2006; Searle et al., 2006) . This 301 value falls between zero and one and now modifies the levels of FT produced within the 302 Phenology model rather than modifying the thermal unit accumulation rate. 
Results
340
Behavior of CO and FT transcript accumulation in fluctuating temperatures in FM-v1.5
341
The FT induction by fluctuating temperatures was incorporated through CO transcript, which and LTP+GE model variants.
375
When considering LTP+GE, total FT declined, relative to the 22˚C-constant control, with 376 increasing exposure times to cool temperature as would be expected from leaf area changes 377 ( Figure 4a ). When only transcriptional changes were considered (GE), FT accumulated at a 378 faster rate than the control for some treatments (i.e. a drop in daytime temperature, Figure 4b ).
379
For treatments in which FT accumulated more slowly than the control, as in 12˚C-constant, the 
408
We then compared the predicted final leaf number and days to bolt for warm-day, Figure 5a -c).
422
We compared this behavior to flowering predicted using MPTU accumulation by FM-v1.0, (Table 2) .
437
Influence of FT accumulation in conditions causing later flowering
438
As later produced leaves may lose the capacity to express FT (Figure 2) little difference in days to bolt between the control and 12˚C-2d. In 12˚C-6d, the leaf number 469 increased again to be like the control. In the LTP variant, the leaf number of all three treatments was the same as the control, whereas there was an increase in days to bolt for each consecutive 471 two-days at 12 C, consistent with slowed accumulation of FT due to slower leaf growth.
472
We observed slowed growth (relative to the control) in the cool-temperature treatments. Visible 473 leaf number was significantly lower after four and six days in 12 C (Figure 7a ). On day seven,
474
after completion of all cool-temperature treatments, there was a gradient in leaf area across 475 treatments, with plants from 12˚C-6d being the smallest (Figure 7b, S8 ). We observed a 476 statistically significant delay in the number of days to visible bolt in both 12˚C-4d and12˚C-6d, (Table 3) .
482
Discussion
483
Incorporating underlying mechanisms could improve model utility for a range of conditions 484 without requiring recalibration (White, 2009; Boote et al., 2013) . Here, we found that thermal 
491
FT was reduced in later-produced leaves (Figure 2 ). This change in FT expression with 492 developmental age was incorporated into FM-v1.5 using leaf age as a proxy, and caused FT to 
511
A changing threshold, due to different LATE FLOWERING alleles in Pea, a homologue of TFL1
512
in Arabidopsis (Foucher et al., 2003) , aids flowering time predictions (Wenden et al., 2009) .
513
Incorporating such a mechanism -influenced by climate and developmental age -may aid 2003; Lee et al., 2007 Lee et al., , 2013 . We demonstrated that residual SVP and FLM activity after short-519 term cold exposures could be important for FT regulation. For instance, to mimic observed dusk 520 suppression of FT in warm-day, cool-night temperature cycles, simulated SVP activity decayed 521 slowly after at 12 ˚C night, such that it was higher after 16 hs at 22 ˚C, than it was in constant 22
522
˚C conditions. Our model also highlights the need to clarify the degree of temperature influence 523 in FT activation and suppression at a range of temperatures. For example, in FM-v1.5, FT is not 524 induced to observed levels, and induction is not maintained as long, after dawn exposure to 17 ˚C
525
( Figure 3f ). It is possible that SVP activation is lower in 17 ˚C, than predicted from our model.
526
However, the relative difference in transcript levels across treatments is similar to the relative Table S1 : Coefficients values for equations used in FM-v1.5. Tables   Table 1: Observed and simulated days to bolt and leaf number in Columbia-0 (Col-0) and Landsberg erecta (Ler) plants exposed to short-term drops in temperature. Observed treatments counted significantly different from the control when P<0.05 and the confidence interval of the difference from the control does not contain zero. , and six (c) weeks old and grown in short days were exposed to long days or short days (d) for three days, then harvested at 16 hours after dawn on the third day to determine FT amount per leaf. The colors in (d) correspond to the colors and ages in panels (a-c). FT levels were determined by absolute copy number and normalized within a replicate. The simulated proportion of FT per unit leaf tissue (cm -2 , solid lines) for each plant age is shown. This value was used in FM-v1.5 as a modifier to adjust the amount of FT produced by each leaf. Percent of the leaf area showing staining in pFT:GUS plants (e). For all, the two cotyledons and first two true leaves were pooled for each sample as they emerge in pairs. Older leaves in the six-week old plants failed to yield 2μg total RNA and were excluded. For each plant inset, asterisk indicates one of each cotyledon pair. The shading of the bar graphs (light to dark) indicates leaf age (oldest, first to emerge, to youngest) and corresponds to the shading in the plant insets. Scale bars = 0.5 cm. Growth is slowed and flowering is delayed in plants exposed to 12 ˚C for two, four, or six days, then returned to warm temperatures (24 ˚C), relative to control plants grown continuously in warm-temperatures. (a) Average leaf number of plants recorded at dawn after two, four, or six days in 24 ˚C (control) or 12 ˚C temperature conditions. (b) Relative seedling sizes on dawn of day seven, after completion of all cool-temperature treatments (scale bars = 1cm, 0 = control). Individual images cropped from the same photograph and scaled together (see original image, Figure S9 ). (c) Relative flowering progression three days after appearance of last
